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1   Introduction
Higher alcohols (C2+) are industrial key intermediates and 
low-emission fuels usually produced in multi-step pro-
cesses [1, 2]. A direct route from syngas is highly desir-
able to cope with clean energy demands [1–5]. However,
the Fischer-Tropsch (FT) approach so far fails in obtaining 
Abstract Rh nanoparticles suppo ted on commer ial 
non-purified N-doped CNTs (NCNTs) containing residual 
CNT growth catalyst have been studied in hydrogenation 
of CO to higher alcohols. It has been found that Co and 
Mn residues in NCNTs are not inert, but change the catalyst 
under reaction conditions and efficiently promote the 
catalyst resulting in both increasing activity and selectivity 
to C2+ alcohols with time on stream.
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to ambient temperature in the NH3/A  mixture (NCNT-2; 
support ID 17790).
Rh/N(O)CNTs catalysts were prepared by wet impregna-
tion. 450 mg Rh(NO3)3 (10 % Rh, Sigma) was dissolved in 
8 mL de-ionized water. The solution (pH 3) was then added 
to 1.5 g functionalized CNTs. Ultra-sonication was carried 
out for 1 min followed by evacuation at room temperature. 
The sample was reduced at 350 °C for 2 h in 20 % H2 in Ar 
at a total flow of 100 mL min−1 resulting in the catalysts 
Rh/NCNT-1 (catalyst ID 15318), Rh/NCNT-2 (catalyst ID 
18232), and Rh/OCNT (catalyst ID 17863), respectively.
RhCo/OCNT (catalyst ID 16999) and RhMn/OCNT 
(catalyst ID 16915) reference catalysts were prepared by 
wet impregnation using Rh(NO3)3, Co(NO3)2·6H2O, and 
Mn(NO3)2·4H2O as precursors and OCNT as support. The 
impregnation was performed in two steps starting with Rh, 
followed by reduction at 350 °C for 2 h n 20 % H2/Ar gas 
mixture and subsequent impregnation with Co or Mn salts. 
Finally, the catalysts were reduced at second time at 350 °C 
for 2 h in 20 % H2/Ar gas mixture.
2.2  Characterization of Supports and Catalysts
Scanning electron microscopy (SEM) images were obtained 
using a Hitachi S-4800 FEG microscope (1.5 kV) equipped 
with an EDAX Genesis EDX detector (15 kV). Transmission 
electron microscopy (TEM) bright field images were taken 
using a Philips CM200 microscope equipped with a LaB6 
cathode at an acceleration voltage of 200 kV. The nanostruc-
ture of supported metal particles was examined using a FEI 
aberration-corrected Titan 80–300 TEM microscope oper-
ated at 300 kV. For TEM analysis the samples were deposited 
onto holey carbon coated Cu grids without using a solvent. 
Particle size distributions have been obtained by analyzing 
100 particles for Rh/NCNT-1, 200 particles for Rh/OCNT, 
and 125 particles for Rh/NCNT-2, respectively.
N 2 physisorption was performed at −196  °C in the range 
p/p0 = 0.05–0.3 after drying the sample in vacuum at 120 °C 
for 6 happlying a volumetric N2 physisorption apparatus 
(Autosorb-6-B, Quantachrome).
The XRD measurements were performed on a Bruker AXS 
D8 ADVANCE II diffractometer equipped with a nickel filter 
and a LYNXEYE position sensitive detector (Cu Kα1 + 2 radia-
tion) in Bragg-Brentano geometry (fixed divergence slit).
Temperature-programmed reduction (TPR) of the cata-
lysts was performed in a quartz fixed-bed tubular reac-
tor (TPDRO-1100, CE Instruments) in 5.04 % H2/Ar
(80 mL min−1 applying a heating rate of 5 K  min−1). The H2
consumption was monitored using a thermal conductivity 
detector (TCD). The TCD detector was calibrated by reduc-
ing a known amount of CuO.
Analysis of the nitrogen content (CHN analysis) was 
done using a Thermo FlashEA 1112 NC Analyzer. The 
higher alcohols with a sufficient selectivity at a high level of 
CO conversion [6, 7]. Considerable effort has been devoted 
to improving the catalyst performance by optimizing the 
active phases, adding promoters, and varying c talyst up-
ports [1, 2,4, 6, 8–10 ]. Model catalysts base  on Rh exhibi  
a unique selectivity to oxygenates due to mo erate ability 
for CO dissociation [6, 8, 10 –13]. Here, a varie y f transi-
tion metals were identified as efficient dopants, e.g., Mn, Fe, 
Co, Mo, or Zr [8, 14–16].
Besides the active phase, the support plays a key role in 
determining the alcohol productivity, e.g., by metal-support 
interaction, which governs the dispersion and stability of 
metal nanoparticles [17 ]. Several studies indicated that 
CNTs are more efficient supports for higher alcohol synthe-
sis [8,17 –20 ] than conventional metal oxides such as Al2O3 
[21 ], and SiO2 [5, 9, 22]. On the other hand, N-dop ng of 
nanocarbons is known to efficiently increase the dispersion 
of noble metal nanoparticles [17 , 23–25].
Here, we investigate the app ication of commercial 
N-doped CNTs as support for Rh-based catalysts in higher 
alcohol synthesis. It turned out that residual metal oxides in 
NCNTs have an impact on the catalyti  performa ce of Rh 
by changing the catalyst under reaction conditions of CO 
hydrogenation.
2  Experimental
2.1  Catalyst Synthesis
We compared (1) CVD-grown commercial NCNTs (NCNT-
1) [26], (2) pre-oxidized high-purity CNTs (OCN ), and (3) 
N-doped CNT, which were produced by NH3 treatme  of 
OCNT (NCNT-2) [27 ].
Unpurified CVD-grown NCNTs (NCNT-1; support ID 
12836) have been received from Bayer Ma erial Science 
[26].
Purified CNTs (Baytubes C150 HP®, carbon content 
>99 wt%, bulk density 140–230 kg m−3) with 13 nm outer 
diameter and 4 nm i ner diameter in average were obtained 
from Bayer Material Science. 20 g CNTs were treated in 
1 L concentrated nitric acid (Carl Roth, 65 wt%, p.a.) under 
reflux for a period of 4 h. After cooling down to ambient 
temperature, the oxidized sample w s thoroughly washed 
and filtrated with Millipore water until neutral pH. Finally, 
the resulting carbon was dried at 110 °C in static air for 
3 days (OCNT; support ID 16603).
Nitrogen incorporation into purified oxidized CNTs was 
performed by treatment of 4 g OCNT in 50 % NH3 in Ar at 
150  mLn min
−1 in a rotating tubular quartz reactor (40 mm 
inner diameter and 740 mm in length). The sample was 
heated at 5 °C min−1 to 500°C. The target temperature was 
maintained for 6 h. Afte wards the sample wa  cooled down
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(oxide) nanoparticles remain in the raw product as impu-
rities. Scanning electron microscopy (SEM) and transmis-
sion electron microscopy (TEM) images of NCNT-1 show 
many metal oxide particles being encapsulated by a thin 
carbonaceous layer (Supplementary material, Figure S1, 
representative SEM (top) and TEM (bottom) images of 
pristine NCNT-1). The co-existence of Mg, Al, Mn, and Co 
impurities in NCNT-1 was confirmed by X-ray fluorescence 
(Table 1 ). Although a substantial purification of N-free 
CNTs is feasible and typically achieved by refluxing in con-
centrated HNO3, this approach fails for NCNTs due to the 
severe loss of surface N functional groups.
To disentangle the impact of nitrogen and metal dop-
ing, NCNTs derived from high-purity pre-oxidized CNTs 
(OCNT) have been included into the investigation. OCNT 
and NCNT-2 are free of metal impurities (Table 1).
The assembly of distinct nitrogen species at the surface 
of NCNT-1 and NCNT-2 was compared by X-ray photo-
electron spectroscopy (Figure S2). Pyridinic nitrogen pro-
vides the lowest binding energy (BE) of 398.3 eV (N1). A 
peak at 399.2 eV (N2) is related to NH bonds in amides and 
amines. A feature at 400.1 eV (N3) indicates the presence 
of pyrrolic N, whereas the BE of 401.1 V (N4) is typically 
referred to quaternary N species [29]. A peak at 402.1 eV 
is related to N-O bonds in pyridine-oxide or nitro groups 
(N5) [30]. Evidently, the surface properties of NCNT-1 and 
NCNT-2 differ in type (Figure S2) and amount (Table 1) of 
N-functionalization. Overall nitrogen content and relative 
abundance of pyridinic nitrogen are higher in NCNT-1.
3.2  Characterization of Rh Nanoparticles
The specific surface areas SBET  of the supports decrease 
upon Rh loading. However, fine dispersion of 2.5–2.6 wt% 
Rh is still possible (Fig. 1). The co-ex stence of Mg, Al, Mn, 
and Co impurities was also proven in Rh/NCNT-1 (Table 1). 
SEM (Fig. 1a, c, e), TEM, (Fig.1b d, f) and XRD analy-
ses (Figure S3) confirm the dispersion of Rh, the entangled 
morphology of the (N)CNT samples, and the absence of 
large agglomerates of residual catalyst impurities in the sup-
ports and the reduced catalysts.
For Rh/NCNT-1 high-angle annular dark-field (HAADF) 
scanning TEM (STEM) reveals highly dispersed and homo-
geneously distributed Rh particles with a mean particle size 
of 1.4 nm (inset in Fig. 1a, b) after reduction in hydrogen 
at 350 °C. The high dispersion can be caused by the abun-
dance of N-functionalities serving as anchoring sites on the 
surface of NCNT-1. A corresponding high-resolution TEM 
(HRTEM) image (Fig.2a) shows lattice fringes with d-spac-
ing of 0.22 nm, corresponding to the (111) planes of face-
centered cubic (fcc) metallic Rh.
In the case of Rh/OCNT, HAADF-STEM shows larger Rh 
nanoparticles (2.7 nm) indicating a less ideal metal-support 
metal content in the catalysts was analyzed by X-ray fluo-
rescence spectroscopy (XRF) using a Bruker S4 Pioneer 
X-ray spectrometer.
Zeta potential measurements were perf rmed using a Mal-
vern Zetasizer. Approximately 5 mg of CNFs wer  dispersed 
in 100 mL deionized water and sonicated for 10 min. The af-
ter, the suspensions were kept a  25 °C and the pH was djusted 
manually using 0.1 M sodium hydroxide and hydrogen chlo-
ride, respectively, and the zeta p tential was measured.
X-ray photoelectron spectro copy (XPS) measu eme ts 
were performed at ambient t mperature unde  UHV con-
ditions (base pressure <3 × 10 −10  m bar) employing non-
monochromated Al Kα radiation source (1486.6eV). Sp ctra 
were acquired using a hemispherical analyzer (Phoibos 150, 
SPECS) operated in fixed analyzer transmission mode at a 
pass energy of 20 eV.
2.3  CO Hydrogenation
CO hydrogenation was carried out in a high-pressure s t up. 
800  mg of catalyst (powder, 200 ~ 400 μm) was loaded into 
a tubular stainless steel fixed bed reactor. The standard reac-
tion conditions were: p = 100  bar, H2/CO = 1, T= 350 °C, 
flow rate = 10  mL min−1. The setup and the m tho of prod-
uct analysis have been described elsewhere [28].
3  Results and Discussion
3.1  Characterization of the Supports
All supports have outer and inner diameters of 10–15 and 
3–5 nm, respectively (see for example a representative SEM 
image of NCNT-1 in Fig. S1). Elementa  composit on and 
specific surface area of supports are listed in Table 1 .
Chemical vapor deposition (CVD) over m xed metal 
catalysts (Mg, Al, Mn, Co) was used to produce NCNTs on
kg scale [26 ]. During this process, finely dispersed metal 
Table 1 Elemental composition (wt%) and specific surface area 
(m2 g−1) of supports and catalysts
Sample N a Rhb Metal impuritiesb SBET
Mg Al Mn Co
NCNT-1 4.6 0 1.4 1.4 1.5 1.5 196
NCNT-2 1.2 0 – – – – 324
OCNT 0 0 – – – – 338
Rh/NCNT-1 4.2 2.5 1.1 1.2 1.6 1.8 175
Rh/NCNT-2 0.7 2.6 – – – – 316
Rh/OCNT 0 2.6 – – – – 234
aCHN analysis
bAnalysed by X-ray fluorescence
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For instance, the smaller Rh nanoparticles on NCNT-1 
as compared to NCNT-2 might indicate an improved Rh-N 
interaction with pyridinic N species, leading to a better dis-
persion in the reduced catalyst. The similar particle size 
distribution in Rh/OCNT and Rh/NCNT-2 indicates that 
the relevant pyridinic N-content in NCNT-2 is apparently 
too low (as revealed by the larger Rh particles present in 
NCNT-2 compared to NCNT-1).
The temperature-programmed reduction (TPR) of the 
catalysts provides similar profiles of H2 consumption (Fig-
ure S5) with a sharp peak at 166 ± 2 °C. Th  absolute con-
sumption of H2 at 40–330 °C corresponds to 0.40, 0.39, 
and 0.42 mmol g−1 for Rh/NCNT-1, Rh/NCNT-2, and Rh/
interaction, however, with a ather narrow partic  size dis-
tribution (inset in Fig.1c, d). The HRTEM analysis of a 
selected Rh particle in Rh/OCNT exhibits lattice fringes of 
fcc Rh (200) with a d-spacing of 0.19 nm (Fig. 2b)
The mean Rh particle size in Rh/NCNT-2 corresponds to 
2.6 nm (inset in Fig. 1f, g).
Considering the abundance of acidic oxyg n functional-
ities generated by HNO3 oxi ation of the CNTs, the trend 
in mean particle sizes can be correlated with the type an  
amount of surface functional gr up  (Table 1), wh ch re ult 
in the isoelectric point of the different (N)CNT surfaces of 
4.7, 3.8, and 2.8 for NCNT-1, NCNT-2, and OCNT, respec-
tively (Figure S4).
Fig. 1 SEM ( a, c, e) and 
HAADF-STEM ( b, d, f) 
images, as well as particle size 
distribution (nsets) of freshly 
reduced Rh/NCNT-1 based on 
100 particles (a, b), Rh/OCNT 
based on 200 particles (c, d) 
and Rh/NCNT-2 based on 125 
particles (e, f)
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OCNT, respectively, in agreement with the theoretical H2 
consumption of 0.37 mmolg−1. Accordingly, Rh species in 
all catalysts are completely reduced in H2 at 350°C. The 
additional H2 consumption at T > 350 °C could be referred 
to the reduction of N and O functional groups on the car-
bonaceous support, the hydrogenation of the CNTs, as well 
as partial reduction of Co and Mn species on Rh/NCNT-1, 
catalyzed by Rh [31].
3.3  Catalytic Properties
The catalysts were tested in H2/CO = 1 at 350°C and 100 bar 
for a period of 72 h (Fig. 3).
Among the Rh-free support materials only NCNT-1 
shows a significant CO conversion of 7.9 %, which is 
Table 2 Catalytic p rformances after a reaction time of 72 h
Catalyst X(CO) 
(%)
S (at% C)a
MeOH C 2+ 
alc.
C 2+ 
oxy.
CH 4 C 2+ 
HC
CO 2
NCNT-1 7.9 – – – 19.6 11.4 75.6
NCNT-2 3 – – – 60 5 35
OCNT 3.5 – – – 62 6 36
Rh/NCNT-1 48.9 1 9.5 3.6 33.2 21.8 30.9
Rh/NCNT-2 23 2.3 8.1 6.6 15.8 21.1 46
Rh/OCNT 24.8 2.4 12.5 6.4 15.6 21.5 41.3
RhMn/OCNT 29.3 2.1 14.8 8.2 14.5 22.2 38.2
RhCo/OCNT 53 0.8 6.2 6.2 18 36.8 32
aalc. alcohols, xy. oxygenates, HC hydrocarbons
Fig. 3 Conversion of CO (a), 
and yield of higher alcohols (b) 
as a function of time on stream, 
H2/CO = 1.0, 100 bar, 350 °C
 
Fig. 2 HRTEM images of (a) Rh/NCNT-1 and (b) Rh/OCNT
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the sintering process, which, however, is not detrimental for 
the net reactivity of the catalyst.
The increase in C2+ oxygenate productivity with time on 
stream over Rh/NCNT-1 can be explained by modification 
of the active component Rh with impurities originating from 
the support. Notably, Rh-Co alloy formation is identified in 
used Rh/NCNT-1 (Fig.5) with Co originating apparently 
from the catalyst used for synthesis of the NCNT-1 support. 
Mass transfer most likely occurs via vo ati e carbonyl clus-
ters. The final Co concentration in the alloy is approx. 30 %. 
The ongoing increase in C2+ alcohols productivity even 
after 72 h on stream (Fig. 3b) indicates that this process is 
still not equilibrated. Other residual elements such as Mn 
and Mg remain in the support, but may also influence the 
catalytic properties.
The positive impact of transition metal doping on Rh 
based catalysts for C2H5OH electivity and higher alcohols 
has been numerously reported, for example [8, 32–35]. As 
discussed above even low amounts of metal impurities used 
for the CVD growth of CNTs are unavoidable, in spite of 
post-purification by acid or base treatment. Considering the 
abundance of residual Mn and Co species in NCNT-1, a pos-
itive impact on both activity and product spectrum is likely. 
For reference, we prepared Co and Mn doped Rh/OCNT 
catalysts to get insight into the mode of action of these addi-
tives. RhCo/OCNT and RhMn/OCNT were synthesized via 
a sequential impregnation method. Both samples provide 
highly dispersed and homogeneously distributed nanoparti-
cles (Figure S7), similar to that of Rh/OCNT. The Co and Mn 
modified samples are similarly stable with time-on-stream. 
The corresponding reactivity patterns after a reaction time 
of 72h are listed in Table 2. Considering the reduced Rh 
content (nominally 2 wt% as compared to 3 wt% in Rh/
OCNT), a certain increase in activity is observed for the 
Mn doped catalyst, whereas the selectivity is only weakly 
shifted to C2+ alcohols/oxygenates. In total, Mn doping 
results in an increase of C2+ alcohol productivity from 1.6 to 
more than twice as much as the conversion on NCNT-2
and OCNT (Table 2). Carbon dioxide is the main product
over commercial NCNT-1, whereas CH4 is pr dominantly 
formed over NCNT-2 and OCNT, resp ctively. Perhaps, the 
residual catalyst impurities in NCNT-1 ar n t ly active 
in CO hydrogenation to short-chain alkanes, but also show 
activity in the consecutive water–gas sh ft reactio .
Rh/NCNT-1, Rh/NCNT-2, and Rh/OCNT show a 
fairly stable CO conversion within a r act on time of 72 h 
(Fig. 3a). However, Rh/NCNT-1 not only outperforms the 
other catalysts in terms of CO conversion but also results in 
the highest yield of C2+ alcohols, by trend ven remarkably 
increasing after 72 h time on stream (Fig. 2b). This ndicates 
that the catalyst is changi g with ime on stream.
Rh/NCNT-1 shows a C2+ alcohol selectivity of 9.5 % at a 
CO conversion of 48.9 %, which corresponds to a format on 
rate of 2.4mol molRh
−1 h−1 (Table 2). Notably, thi  cat lyst 
provides also the highest formation rate of CH4, where
Rh/NCNT-2 and Rh/OCNT show increased sel ctivity to 
CH 3OH, C2+ oxygenates, and CO2. However, rega ding the 
chain length distribution of alcohols for d (Figure S6), 
Rh/NCNT-1 produces predominantly C2H5OH, where s the 
spectrum is significantly shifted to C3+ alcohols over Rh/
OCNT.
Although all catalysts appeared stable in terms of CO 
conversion over a reaction time of 72 h, a significant sinter-
ing of Rh nanoparticles was observed (Fig. 4) comp red to 
the dispersion in the fresh catalysts aft r re uction (Fig. 1). 
The enhanced sintering of Rh particles can be par ially 
related to the loss of N functional groups during the cata-
lytic reaction, as confirmed by elemental analysis (Table 
S1). The partial loss of N functionalit es likely occurs via 
Rh-catalyzed hydrogenation under CO hydrogenation reac-
tion conditions. Similarly, the TPR profiles showed a broad 
H2 consumption peak starting at 350 °C, which was referred 
to the reduction of surface N and O functionalities. Also the 
formation of volatile Rh ca bonyl clusters an play a role in 
Fig. 4 TEM images of Rh/NCNT-1 (a), Rh/NCNT-2 (b), and Rh/OCNT (c) after reaction
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stable with time-on-stream although significant sintering of 
nanoparticles is observed. A dedicated assembly of surface 
N functionalities efficiently stabilizes the active phase to 
form homogeneously distributed and finely dispersed Rh 
nanoparticles in the fresh catalyst. A direct influence of the 
electronic structure of N-doped CNTs on the catalytic action 
of Rh active sites is likely, however, could not be proven in 
this study. Loss of nitrogen is observed under the applied 
reaction conditions.
Instead, residual Co and Mn present as impurities in the 
support efficiently promote the catalyst and results in both 
increased activity and selectivity to C2+ alcohols by modifi-
cation of the active Rh component under reaction conditions 
of CO hydrogenation. It is assumed that the formation of 
Rh-Co alloy is the key factor for enhanced activity, whereas 
the interaction with Mn species results in an enhanced selec-
tivity to oxygenates. This report exemplifies the resource 
efficient use of a commercial nanocarbon for synthesis of 
promoted Rh catalysts avoiding additional purification and 
impregnation steps.
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3.3 mol molRh
−1 h1, in agreement with literature reports [8, 
32, 33]. Instead, RhCo/OCNT shows a significantly higher 
CO conversion of 53 %, however, a reduced sel ctivity o 
oxygenates. The total productivity of C2+ coh ls emai s 
stable at 1.6 mol molRh
−1 h−1. Instead, the produc spec-
trum is dominated by CH4 and lower alkan s, in agreement 
with the finding that Co promotes the dissociation of CO to 
greatly increase the activity and enhance the selectivity to 
higher alkanes [34–37].
Notably, earlier reports revealed that CNT or metal 
oxide supported non-promoted Rh a alys s provide a poor 
activity to higher alcohols (C3+) [4, 8, 13]. Considering the 
high purity of OCNT and NCNT-2 in our study in terms of 
residual metal, the significant formation of higher alcohols 
over both Rh/OCNT and Rh/NCNT-2 might be related to 
the high pressure applied in our sts, which shifts th  equi-
librium of alcohol formation via CO hydr g nation to the 
product side [3].
4  Summary
Supporting Rh nanoparticles on commercial N-doped 
CNTs containing residual Co and Mn from the CVD 
growth process results in an ctive and selective catalys
for the synthesis of higher alcohols. The catalysts are highly 
Fig. 5 HAADF-TEM images 
of an extra-large particle in used 
Rh/NCNT-1 and EDX analysis 
of used Rh/NCNT-1. Occur
rence of Cu is due to the TEM 
grid
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